Current clinical guidelines emphasize the unmet need for technological innovations to guide physician decision-making and to transit from conventional care to personalized cardiovascular medicine. Biomarker-guided cardiovascular therapy represents an interesting approach to inform tailored treatment selection and monitor ongoing efficacy. However, results from previous publications cast some doubts about the clinical applicability of biomarkers to direct individualized treatment. In recent years, the non-coding human transcriptome has emerged as a new opportunity for the development of novel therapeutic strategies and biomarker discovery. Non-coding RNA (ncRNA) signatures may provide an accurate molecular fingerprint of patient phenotypes and capture levels of information that could complement traditional markers and established clinical variables. Importantly, ncRNAs have been identified in body fluids and their concentrations change with physiology and pathology, thus representing promising non-invasive biomarkers. Previous publications highlight the translational applicability of circulating ncRNAs for diagnosis and prognostic stratification within cardiology. Numerous independent studies have also evaluated the potential of the circulating non-coding transcriptome to predict and monitor response to cardiovascular treatment. However, this field has not been reviewed in detail. Here, we discuss the state-of-the-art research into circulating ncRNAs, specifically microRNAs and long non-coding RNAs, to support clinical decision-making in cardiovascular therapy. Furthermore, we summarize current methodological and conceptual limitations and propose future steps for their incorporation into personalized cardiology. Despite the lack of robust population-based studies and technical barriers, circulating ncRNAs emerge as a promising tool for biomarker-guided therapy.
The variability in therapeutic outcomes differs according to demographic, clinical, environmental, and genetic factors. 3, 4 Nevertheless, therapy is rarely tailored, as evidence-based medicine assumes a uniform patient phenotype. 5 Several authors have proposed to incorporate molecular profiling into clinical decision-making to allow patients, or subgroups of patients, to receive precision medical care. 6, 7 Tailored therapies based on a refined understanding of patient's molecular characteristics could be administered to those who are anticipated to benefit most, whereas simultaneously limiting ineffective or harmful interventions. 5, 8 This would ultimately lead to improved clinical outcomes, increased patient quality of life, and better allocation of health care resources. In this context, utilizing biomarkers to objectively assist in individualized treatment has gained attention in recent years. 9 Indeed, drug-diagnostic co-development ('companion diagnostics') has become increasingly important in the pharmaceutical industry. 10 Biomarker-guided therapy, the use of biomarkers to tailor medical treatment, could assist in: (i) selection of therapy, (ii) evaluation of efficacy, (iii) optimal dose selection, and (iv) recognition and avoidance of side-effects ( Figure 1 ). Reflecting this, previous studies have illustrated the usefulness of circulating biomarkers to tailor cardiovascular therapy. 11 Most notably, N-terminal prohormone of brain natriuretic peptide (NT-proBNP)-guided treatment has been suggested to reduce or delay cardiovascular outcomes and to improve cost-effectiveness compared to guideline-based therapy. 12 Despite promising findings, other data cast doubts as to whether circulating biomarkers can support clinical decision-making. 13 Genome sequence variations, including single nucleotide polymorphisms (SNPs), could act as biological markers of the response to certain drugs. 14 Nevertheless, genomics alone provide an incomplete picture of the patient's phenotype. 15 Thus, there is a clinical need for innovative biomarkers to tailor cardiovascular therapy.
Non-coding RNAs, an emerging concept in disease and therapy
Although 80% of the human genome is transcribed, only 1-3% of all transcripts are further translated into proteins ( Figure 2) . 16 The vast majority of the human transcriptome represents non-coding RNAs (ncRNAs) (Figure 2 ), 17 which play key regulatory functions. 18, 19 Contrary to the number of protein-coding genes, which is relatively static since the evolution of multicellularity, 17 the amount of ncRNAs has continued to increase along with the complexity of the organism. 20 This suggests a fundamental role of ncRNAs in the evolution of biological complexity. Non-coding transcripts participate in most cellular processes, and therefore, play a causative role in a number of diseases. 21, 22 Accordingly, the manipulation of ncRNA expression has emerged as a novel and promising therapeutic approach. 23, 24 Of note, clinical trials have evaluated the safety, efficacy, and tolerability of ncRNAs in the treatment of various diseases, such as chronic hepatitis C (www. clinicaltrials.gov, NCT01200420) and kidney disease (www.clinical trials.gov, NCT02855268). Excellent publications have recently reviewed the role of ncRNAs as potential therapeutic targets in CVD, 18, 19, [25] [26] [27] and therefore this issue is beyond the scope of this review. Since the great majority of investigations are in pre-clinical stages, further efforts are needed to demonstrate the clinical safety and efficacy of ncRNAs in cardiovascular therapy.
Circulating non-coding RNAs
In addition to the relevance of ncRNAs as targets or tools for therapy, a plethora of reports suggest that the transcriptomic signature, particularly from ncRNAs, could give insights into both physiological and pathological states of a patient. 18 Indeed, transcriptomeoriginating biomarkers may provide a deep characterization of disease phenotypes and could offer information that is not captured by traditional markers or clinical characteristics. 28 Despite this, only a small percentage of the non-coding transcriptome has been explored for this purpose. 25 ncRNA expression exhibits high variations between cells, is highly dynamic and rapidly alters in response to stressors. Indeed, a close correlation between dysregulation of the ncRNA profile and the pathophysiology of numerous cardiovascular conditions has been demonstrated. 29 Furthermore, ncRNA alterations could be indicative of complex interaction between genetic and environmental factors. Diet, exercise, biological rhythms, or other exogenous factors not routinely considered during clinical evaluation influence ncRNA expression. 30 Therefore, the non-coding transcriptome provides an interesting opportunity for the identification of novel tools to assist in clinical decision-making. Supporting their potential as easily accessible and minimally invasive biomarkers, the presence of ncRNAs has been extensively described in a large number of body fluids. 31 From a clinical perspective, the non-coding transcriptome, in particular microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), have the optimal biochemical properties to be excellent biomarkers. Most studies on circulating ncRNAs as cardiovascular biomarkers are focused on the potential clinical application of miRNAs and lncRNAs in the diagnosis of disease and assessment of cardiovascular risk. [34] [35] [36] These approaches provide valuable information on patient selection for given therapies ( Figure 3) . However, the role of ncRNAs as diagnostic and prognostic biomarkers is beyond the interest of the current review and has been extensively reviewed elsewhere. 37, 38 Treatment selection and monitoring are key aspects of medical management ( Figure 3 ). Based on their biological characteristics, the ncRNA profile may reflect the molecular configuration required for any intervention to exert its therapeutic effect, providing an innovative approach for treatment allocation. Additionally, the post-baseline changes in the ncRNA signature may be useful to monitor ongoing effectiveness.
Despite a number of publications have addressed these issues in the cardiovascular context, this research field has not been reviewed in detail. Here, we summarize the current knowledge on ncRNAs, specifically miRNAs and lncRNAs, as biomarkers to predict and monitor the response to cardiovascular treatment. predicted to target >60% of protein-coding genes, 40 and play a key role in development, homeostasis, and response to stress. 41, 42 miRNAs are usually expressed in complex networks that enable subtile control of the cellular phenotype. 43 In addition to their intracellular localization, miRNAs have also been described in the extracellular milieu. Extracellular miRNAs are protected from degradation by packaging in lipid vesicles and by binding to proteins or lipoproteins. 44, 45 Extracellular miRNAs participate in intercellular communication at autocrine, paracrine, and endocrine levels. 46, 47 They have been implicated in both physiological and adaptive responses, 30 as well as in the onset and development of disease states, including in CVD. 48 Results from a number of publications support the promising role of circulating miRNAs in the prediction of the therapeutic response and monitoring the effectiveness of treatment ( Table 1) .
Antiplatelet therapy
Antiplatelet therapy is the cornerstone treatment in patients at high risk of thrombosis. 63 Since resistance to the therapy has been associated with higher incidence of cardiovascular events, 63 non-responder patients may benefit from alternative antiplatelet therapies. The development of robust laboratory tests to monitor response to antiplatelet therapy is thus of clinical importance. However, the current methodology has provided varying results. 64 Results from different studies suggest the potential of circulating miRNA levels as surrogate biomarkers of antithrombotic therapy efficacy. In 2013, de Boer et al. 49 demonstrated that aspirin administration (300 mg/day) resulted in a significant reduction in circulating levels of miR-126 in patients with type 2 diabetes mellitus (T2DM) and without a history of CVD after 6 weeks of treatment. miR-126 levels also showed a direct correlation with platelet activation following treatment, irrespective of dose. Indeed, aspirin inhibited in vitro transfer of platelet-enriched miRNAs from the platelets to the extracellular milieu. The potential of circulating miR-126 to monitor aspirin therapy was corroborated by Willeit et al. 50 who evaluated a panel of 92 miRNAs in plasma of healthy volunteers after treatment with 10 mg prasugrel, followed by combination therapy with varying aspirin doses in successive weeks. Plasma levels of 15 circulating miRNAs, including miR-126 and other platelet-enriched miRNAs (miR-191 and miR-223), decreased with further platelet inhibition. These findings were validated in patients with symptomatic carotid artery atherosclerosis under treatment with dipyridamole or clopidogrel, in addition to aspirin. The same group demonstrated that circulating miRNAs are closely correlated with platelet activation biomarkers in general population. 51 The circulating signature of miRNAs was also associated with the residual platelet activity in patients with acute coronary syndrome on antiplatelet therapy. 51 It is worth of noting that the authors suggested a role for the small ncRNA family, YRNAs, as novel biomarkers to monitor antiplatelet therapy. 51 Interestingly, a score based on the plasma miR-92a levels and the platelet distribution width (PDW), can identify aspirin resistance post-baseline with a specificity of 97.5% and a sensitivity of 80.0% in patients with intermittent claudication on daily aspirin monotherapy (75 mg/day, 100 mg/day, or 150 mg/day). 52 Results from these studies were validated in alternative sources of miRNAs. Kok et al. 53 performed miRNA microarray analysis using platelet RNA obtained from a small cohort of healthy male subjects without personal history of CVD. Results showed that altered expression of miR-19b-1-5p, miR-548e, miR-587, miR-1225-3p, miR-1271, and miR-1537-5p correlated with the extent of platelet aggregation reduction after 2 weeks of aspirin therapy (100 mg/day). Lower platelet miR-19b-1-5p expression after aspirin therapy was associated with platelet aggregation in the presence of indomethacin, which mimics the effect of aspirin. As such, miR-19b-1-5p may be a suitable biomarker to identify aspirin insensitivity. It should be noted that a previous publication demonstrated that the platelet miRNA profile is remarkably stable and is not affected by a single-dose of aspirin in a small healthy cohort. 54 However, single-dose treatment may not have an immediate effect on platelet miRNAs. 54 Shi et al. 55 explored the association between platelet miRNA expression and the responsiveness to a clopidogrel loading dose (300 mg) in a cohort of non-diabetic coronary heart disease patients with non-ST elevation acute coronary syndrome (NSTE-ACS). Logistic regression analyses demonstrated that among a number of factors potentially associated with platelet reactivity (age, obesity, smoking, genotype, and other medication), miR-223 expression was These observations suggest that miRNAs are able to reveal measurable changes in platelet activation and aggregation after antiplatelet therapies and may serve as indicators of compliance in both general and specific patient populations. However, due to the high incidence of suboptimal responses 63 and the number of alternatives in antiplatelet therapy, the further development of novel biomarkers to predict the response to the treatment seems fundamental.
Cardiac resynchronization therapy
Cardiac resynchronization therapy (CRT) has emerged as a wellestablished therapy for advanced heart failure (HF). 65 However, a significant number of patients do not show objective evidence of a clinical benefit. 66 Implantation of a CRT device is invasive and has high costs. Therefore, there is great interest in identifying patients who are most likely to benefit. Melman et al. 57 evaluated the role of circulating miRNAs as biomarkers to predict the response to CRT in a cohort of patients referred for CRT pacemaker implantation with and without subsequent echocardiographic improvement after 6 months.
Responders were defined as individuals with an increase in left ventricular ejection fraction (LVEF) > _ 10% between baseline and followup transthoracic echocardiography. After an initial discovery phase using a 766 miRNA array and a subsequent validation phase, plasma miR-30d was identified as a predictor of therapeutic response in multivariate models, even after adjusting for serum creatinine, previous revascularization, preimplantation QRS duration, and LVEF (OR 2.52, 95% CI 1.07- 5.94 Thus, preimplantation circulating miR-30d could be a biomarker for the selection of CRT or alternative medical interventions. Interestingly, using in vitro and in vivo models, the authors demonstrated that miR-30d mediates cardiac hypertrophy and protection against inflammation-induced cardiomyocyte apoptosis. Marfella et al. 56 evaluated 84 miRNAs previously associated with the pathogenesis of the failing heart in 81 patients with HF eligible for CRT. At 12 months, patients were categorized as responders if they exhibited LV reverse remodelling [reduction >10% in LV end-systolic volume (LVESV) index and an increment of >10% in LVEF] or nonresponders (reduction <10% in LVESV index and an increment of <10% in LVEF). In contrast to previous findings, similar levels of circulating miRNAs were observed between responders and non-responders at baseline, which makes the potential for patient stratification by preimplantation miRNA levels unclear. However, the authors reported higher expression levels of circulating miR-26b-5p, miR-29a-3p, miR-30e-5p, miR-92a-3p, and miR-145-5p after 12 months of CRT in responders (fold-changes from 15.2 to 6.2) compared to non-responders (fold-changes from 5.6 to 2.1). These miRNAs were directly associated with changes in LVEF and NTproBNP, even after adjusting for age, gender, functional class, and treatments. Thus, post-baseline circulating miRNA levels may be useful to assist in monitoring of efficacy of CRT.
Left ventricular assist devices
The use of LV assist devices (LVAD) in patients with advanced HF is limited by high rates of adverse events and cost. 67, 68 Various clinical variables have been studied to select patients based on anticipated therapeutic response. 68 However, appropriate patient stratification remains challenging. 69 The potential of circulating miRNAs to predict the response to LVAD has been previously evaluated in patients with severe advanced HF. Morley-Smith et al. 58 classified the clinical response to LVAD therapy based on NT-proBNP concentration at 3 months. Selected patients whose change in NT-proBNP was above the 50th percentile were identified as 'poor responders' and patients below the 50th percentile as 'good responders'. Using a screening approach including 1113 miRNAs, the authors demonstrated that miR-1202 was a useful biomarker to predict the response to LVAD therapy. Baseline circulating miR-1202 levels stratified the cohort into poor and good responders with greater accuracy than baseline NTproBNP (AUC 0.976, 95% CI 0.904-1.000 vs. AUC 0.071, 95% CI 0.000-0.210). Thus, miR-1202 emerges as an interesting biomarker to select LVAD therapy or alternative interventions, such as urgent cardiac transplantation. Within the same study, circulating miR-483-3p levels were upregulated following intervention, with >2-fold-change from baseline even after 3 months. This up-regulation mirrored the improvement in LV function. Other studies similarly support the alteration in the circulating miRNA signature after LVAD implantation. 59, 60 Since the evaluation of the changes in ventricular function after LVAD implantation has limitations, 58 serial measurements of the circulating miRNA signature could be an interesting and easily accessible tool to complement the current methodology for monitoring the therapeutic response to LVAD.
Antihypertensive therapy
Efforts have been made to predict and monitor antihypertensive therapy using circulating miRNAs. Sánchez-de-la-Torre et al. 62 analysed a panel of 84 miRNAs functionally associated with the cardiovascular system in plasma samples from 38 patients with resistant hypertension (RH) and obstructive sleep apnoea (OSA) at baseline and after 3 months of adherent continuous positive airway pressure (CPAP) use. Pre-treatment levels of a cluster of miRNAs, miR-100-5p, miR-378-3p, and miR-486-5p, discriminated between nonresponders and patients with a favourable decrease in blood pressure (AUC 0.92, 95% CI 0.79-0.99). Supporting previous results from different medical treatments, the changes in plasma miRNA profile after the treatment differed between responders and non-responders. Notably, the authors developed a predictive screening algorithm (HIPARCOScore) based on the specific cluster of miRNAs to identify those responders.
Dickinson et al. 61 demonstrated that circulating miRNAs are biomarkers of therapeutic efficacy in different hypertension-induced heart disease rat models. Although the clinical application of the results is limited due to the lack of patient-based data, this study provides interesting conceptual implications. Different miRNA profiles were observed in response to established and experimental Circulating long non-coding RNAs in biomarker-guided cardiovascular therapy lncRNAs comprise a vast family of ncRNAs longer than 200 nucleotides that participate in multiple biological processes, including imprinting, scaffold/guide for epigenetic and transcription factors, transcription activation, RNA splicing, nuclear trafficking, and regulation of the miRNA function. 29, 70 Several lines of evidence indicate that lncRNAs play an essential role in development, homeostasis, and disease. 18 lncRNAs exhibit cell type-specific expression, precise subcellular localization, and dysregulated expression in pathological conditions. 71 Around 28 000 human lncRNAs have been annotated according to the GENCODE project. 72 Compared to miRNAs, the characterization of extracellular lncRNAs is poor. The precise mechanism of lncRNA release into the extracellular space and their role in intercellular communication is not yet understood. Despite this, lncRNAs have also been detected in stable form in extracellular fluids. 32 Circulating lncRNAs, such as the long intergenic non-coding RNA predicting cardiac remodelling (LIPCAR), are robust biomarkers of cardiovascular conditions. 32, 73 However, the literature pertaining to the role of circulating lncRNAs as biomarkers to tailor cardiovascular therapy is scarce. In contrast, oncological research supports the use of circulating lncRNAs in biomarker-guided therapy. 74 Our group has recently proposed the potential of circulating lncRNA as bloodbased biomarkers to guide pioglitazone therapy. 75 After analysing a panel of lncRNAs related to cardiovascular pathology in a cohort of patients with well-controlled T2DM, we reported that pretreatment levels of the circulating lncRNA smooth muscle and endothelial cell-enriched migration/differentiation-associated long noncoding RNA (SENCR) are positively associated with the rate of change in diastolic function after 24 weeks of pioglitazone therapy. Of note, levels of circulating SENCR before pioglitazone therapy allowed the discrimination of responders from non-responders (AUC 0.763, 95% CI 0.558-0.967). Thus, pre-treatment levels of circulating SENCR may constitute a clinically useful biomarker for the identification of patients that will benefit from pioglitazone administration ( Figure 4 ).
Limitations and perspectives
The reproduction of current results in independent and multicentre studies with large population sizes will be a key step to obtain convincing evidence for clinical applicability. Only few overlapping ncRNAs on similar therapies have been described, possibly due to the great heterogeneity in the selection of patients and the evaluation of numerous therapeutic responses. Another aspect to be considered is the inadequate control for confounders. Circulating levels of ncRNAs are affected by factors such as age, sex, cardiovascular risk factors, and pharmacological treatments. These should be considered in the interpretation of results. The effects of disease stage and subtype on ncRNA expression are additional sources of variation that should be similarly considered. The use of ncRNA clustering may provide higher accuracy than single ncRNAs. The inclusion of novel members of the non-coding transcriptome that exhibit a great potential to be used as biomarkers, such as circular RNAs (circRNAs), 76 is also required. Unfortunately, a remarkable proportion of published studies have not compared patterns of circulating ncRNAs with Figure 4 Potential clinical application of the long non-coding RNA smooth muscle and endothelial cell-enriched migration/differentiation-associated long non-coding RNA (SENCR) in patient stratification to pioglitazone therapy.
Circulating non-coding RNAs in biomarker-guided therapy established indicators (e.g. peptide biomarkers). Furthermore, most studies have evaluated the univariate association between ncRNAs and treatment response. It is fundamental to explore whether the addition of specific ncRNAs, or a signature of diverse ncRNAs, to composite scores based on multiple parameters from different methodologies provide greater characterization and prediction of patient responses. Advances in 'Big Data' should be utilized to combine the complexity of clinical, biochemical, genomic, transcriptomic variables, in addition to novel pieces of information such as the environment and the microbiome, to maximize prediction. 26 Ongoing European consortia such as HOMAGE (http://www.homage-hf.eu/) will together identify the role of circulating ncRNAs in thousands of CVD patients. Ischaemic heart disease deserves particular attention. Despite myocardial ischaemia/reperfusion injury and ischaemic HF being the main causes of morbidity and mortality in industrialized societies, 77 the number of publications that have addressed the potential clinical application of ncRNAs in biomarker-guided therapy is scarce, and merely focused on platelet activation and aggregation. 51, 55 Further studies, should evaluate whether ncRNAs are useful tools to inform tailored treatment selection and monitor ongoing efficacy in alternative treatments. This is particularly important in the context of the new expensive monoclonal antibodies targeting PCSK9 (evolocumab and alirocumab) and interleukin-1b (canakinumab). [78] [79] [80] Despite having promising biochemical properties for use as biomarkers, implementation of circulating ncRNAs is currently not feasible in all clinical laboratories. ncRNA quantification is laborious with current technology and is highly dependent on specimen collection, storage, and handling. As such, ncRNAs quantification and data processing is highly variable between studies. There is a crucial need to develop guidelines of best practice and standard operating procedures in order to increase consistency among results and to make studies comparable and reproducible. Furthermore, the addition of ncRNA testing to clinical practice would currently be time-consuming and may delay commencement of therapy. The development of automated and standardized assays for clinical application should thus be intensified. Finally, evaluation of the cost-effectiveness of circulating ncRNAs in comparison to current methods must be undertaken to assess future viability.
Concluding remarks
A blood test based on circulating ncRNAs would constitute a promising tool to assist physician decision-making in cardiovascular therapy ( Figure 3) . Nevertheless, since most studies are still in pre-clinical phases, additional research is needed to clinically adopt the noncoding transcriptome for personalized medicine.
